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Introduction 

Recent  evidence  suggests  that  integrin  receptors  are  required  for  oncogenic  phenotypes  in  vivo 
(Guo  et  al.,  2006;  White  et  al.,  2004).  Thus,  it  is  not  clear  whether  growth  factor  receptors  expressed  at 
high  levels  still  require  integrins  in  the  absence  of  adhesion  for  proper  survival  signaling  and  anoikis 
resistance.  We  have  previously  shown  that  cells  overexpressing  the  receptor  tyrosine  kinase,  ErbB2,  can 
induce  anoikis  resistance  in  mammary  epithelial  cells  (Reginato  et  al.,  2003).  In  addition,  activation  of 
ErbB2  in  3D  acini  leads  to  increase  in  proliferation  and  luminal  filling  (Muthuswamy  et  al.,  2001). 
ErbB2  inhibition  of  luminal  apoptosis  during  morphogenesis  is  associated  with  increased  Erk  activation 
and  decreased  Bim  expression  (Reginato  et  al.,  2005).  It  remains  unclear  whether  epithelial  cells 
overexpressing  ErbB2  still  require  integrins  for  anoikis  resistance.  Our  current  work  examines  the 
involvement  of  the  integrin  a5  subunit  in  ErbB2  mediated  oncogenesis. 

Body 

We  first  compared  MCFIOA  control  cells  (pBabe)  to  MCFIOA  cells  overexpressing  ErbB2 
(NeuN)  to  determine  whether  there  was  differential  expression  of  integrin  subunits.  We  found  that 
integrin  a5  was  specifically  upregulated  in  ErbB2-overexpressing  cells  both  at  the  mRNA  and  protein 
levels,  whereas  levels  of  integrins  a2,  a3,  a6,  pi  and  P4  remained  unchanged.  We  also  determined  that 
protein  levels  of  integrin  a5  were  elevated  in  NeuN  cells  as  compared  to  Babe  cells  during  3D 
morphogenesis,  and  are  further  elevated  in  detached  cells  versus  attached  cells.  To  determine  whether 
integrin  a5  expression  correlates  with  ErbB2  positive  breast  cancer  tissue,  we  performed 
immunohistochemical  staining  on  ErbB2  positive  breast  cancer  tissue  using  breast  cancer  tissue  arrays 
(94  cases  total).  We  found  very  little  staining  of  integrin  a5  in  normal  breast  epithelial  cells,  benign 
breast  tissue  as  well  as  ErbB2-negative  malignant  tissue.  We  found  68%  of  ErbB2  positive  cancer 
contained  elevated  integrin  a5  staining.  A  two-tailed  Pearson’s  correlation  showed  that  there  is  a 
significant  and  positive  association  between  integrin  a5  and  ErbB2  expression.  These  results  indicate 
that  ErbB2  upregulates  integrin  a5  RNA  and  protein  in  vitro  and  increased  integrin  a5  expression  is 
associated  with  ErbB2  positive  breast  cancers. 

We  next  examined  whether  integrin  a5  had  a  functional  role  during  ErbB2 -mediated 
oncogenesis.  We  found  that  reducing  integrin  a5  levels  by  RNAi  induces  luminal  apoptosis  in  ErbB2- 
overexpressing  3D  acinar  structures,  whereas  treatment  with  control  siRNA  targeting  luciferase  did  not 
induce  apoptosis  of  luminal  cells.  Similarly,  treatment  with  RNAi  targeting  integrin  a5  sensitized  ErbB2 
cells  to  anoikis  as  well  as  decreased  their  ability  to  form  colonies  in  soft  agar,  thus  indicating  that 
reducing  integrin  a5  levels  leads  to  a  decrease  in  the  oncogenic  potential  of  ErbB2.  Additionally,  we 
looked  at  signaling  from  the  ErbB2  receptor  in  suspension  cultures  and  found  that  when  integrin  a5 
levels  are  reduced  via  RNAi,  ErbB2  signaling  through  the  MAP  kinase  pathway  is  inhibited. 

Specifically,  levels  of  phosphorylated  Erk  are  decreased,  whereas  Bim  expression  and  Caspase-3 
cleavage  are  increased,  thus  indicating  an  increase  in  anoikis.  More  interestingly,  we  observed  a 
decrease  in  total  phosphorylation  of  the  ErbB2  receptor  itself,  and  a  particular  decrease  at  Tyrosine877, 
previously  shown  to  be  regulated  by  c-Src  (Xu  et  al.,  2007).  Further  studies  revealed  that  decreasing 
integrin  a5  levels  resulted  in  a  decrease  in  c-Src  phosphorylation  at  Tyrosine416  in  both  control  cells  as 
well  as  ErbB2  cells  attached  to  tissue  culture  plates  or  cultured  in  suspension.  We  also  determined  that 
both  chemical  inhibition  as  well  as  treatment  with  shRNA  targeting  c-Src  resulted  in  a  decrease  in  the 
oncogenic  potential  of  ErbB2,  similar  to  the  phenotype  observed  when  we  targeted  integrin  a5  with 
RNAi.  Our  findings  therefore  show  that  integrin  a5  is  required  for  maintaining  elevated  c-Src  activity 
contributing  to  ErbB2  phosphorylation  and  downstream  Mek/Erk-mediated  inhibition  of  Bim  during 
loss  of  adhesion.  Thus,  the  integrin  a5  and  c-Src  regulation  of  ErbB2-Erk  axis  may  be  a  vital  cascade 
for  developing  novel  strategies  for  cancer  therapy. 

Key  Research  Accomplishments 

•  Established  that  integrin  a5  is  upregulated  in  ErbB2  positive  breast  cancers 


4 


•  Demonstrated  that  ErbB2  requires  integrin  a5  for  its  inhibition  of  anoikis  resistance  as  well  as 
luminal  apoptosis  in  3D  acinar  structures 

•  Demonstrated  that  integrin  a5  is  required  for  proper  ErbB2  receptor  activation  and  downstream 
signaling,  ErbB2-mediated  inhibition  of  the  proapoptotic  molecule,  Bim,  as  well  as  ErbB2- 
mediated  anchorage  independent  growth 

•  Identified  the  involvement  of  c-Src  in  integrin  a5  regulation  of  ErbB2  function  in  suspension 
and  3D  morphogenesis  of  MCF-lOA  cells  overexpressing  ErbB2 

Reportable  Outcomes 

Manuscript  titled  “ErbB2  requires  integrin  a5  for  anoikis  resistance  via  c-Src  regulation  of  receptor 
activity  in  human  mammary  epithelial  cells”  originally  submitted  to  Journal  of  Cell  Science  on  February 
23,  2009  and  resubmitted  to  Journal  of  Cell  Science  on  August  18,  2009. 

Conclusion 

Overexpression  of  growth  factor  receptors,  which  is  found  in  many  epithelial  carcinomas,  is 
thought  to  uncouple  and  bypass  the  requirement  for  integrin  signaling  in  the  absence  of  adhesion.  Our 
results  here  reveal  that  growth  factor  receptors  can  regulate  specific  integrin  subunits  to  maintain  their 
own  activation  and  thus  remain  highly  dependent  on  integrin  function  under  conditions  of  no  or  reduced 
matrix  adhesion.  The  integrin  a5/c-Src  survival  pathway  examined  in  these  studies  may  be  specific  for 
RTKs  since  we  also  found  that  reducing  integrin  a5  had  no  effect  on  anchorage  independent  growth  of 
Ras  overexpressing  cells.  Therefore,  elevating  integrin  a5  under  low  adhesion  may  be  a  general 
mechanism  of  survival  from  anoikis  that  is  co-opted  by  RTKs  in  cancer  cells  to  maintain  their  own 
activity,  promote  cell  survival  and  block  luminal  clearing  in  cases  where  tissue  architecture  and  cell- 
matrix  interactions  are  compromised  possibly  in  early  stages  of  cancer.  Other  recent  studies  showed  that 
maintenance  of  c-Src  activation  in  suspended  prostate  cancer  cells  required  production  of  reactive 
oxygen  species  (ROS)  (Giannoni  et  ah,  2009).  It  is  not  clear  whether  ROS  plays  a  role  in  c-Src 
regulation  during  anoikis  in  MCF-lOA  cells.  However,  some  of  our  further  studies  will  involve 
determining  whether  integrin  a5  plays  a  role  in  ROS  regulation  of  c-Src  during  cell  detachment. 
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Summary 


1 
2 

3 

4 

5  ErbB2,  a  receptor  tyrosine  kinase  highly  expressed  in  many  epithelial  tumors,  is  known  to  inhibit  apoptotic 

6  signals.  Overexpression  of  ErbB2  causes  anoikis  resistance  that  contributes  to  luminal  filling  in  three- 

7  dimensional  (3D)  mammary  epithelial  acinar  structures  in  vitro.  Given  that  integrin  and  growth  factor 

8  receptors  are  highly  interdependent  for  proper  function,  we  examined  the  role,  if  any,  of  integrin  subunits 

9  in  ErbB2-mediated  survival  signaling.  Here,  we  show  that  MCF-lOA  cells  overexpressing  ErbB2 

10  upregulates  integrin  a5  via  the  MAP-kinase  pathway  in  3D  acini  and  found  elevated  integrin  a5  levels 

11  associated  with  ErbB2  status  in  human  breast  cancer.  Moreover,  integrin  a5  is  required  for  ErbB2- 

12  mediated  anoikis  resistance  and  for  optimal  ErbB2  signaling  to  the  Mek-Erk-Bim  axis  as  depletion  of 

13  integrin  a5  reverses  anoikis  resistance  and  Bim  inhibition.  Integrin  a5  is  required  for  full  activation  of 

14  ErbB2  tyrosine  phosphorylation  activity  on  Tyr-877  and  ErbB2  phosphorylation  is  associated  with 

15  increased  activity  of  c-Src  in  the  absence  of  cell  adhesion.  Indeed,  we  show  that  blocking  elevated  c-Src 

16  activity  during  cell  detachment  reverses  ErbB2-mediated  survival  and  Bim  repression.  Thus,  integrin  a5 

17  serves  as  a  key  mediator  of  c-Src  and  ErbB2-survival  signaling  under  states  of  low  adhesion  necessary  to 

18  block  the  pro-anoikis  mediator  Bim  and  suggest  this  pathway  represents  a  potential  novel  therapeutic  target 

19  in  ErbB2-positive  tumors  to  reverse  anoikis  resistance. 

20 
21 
22 

23 

24 

25 

26 


A2 


1 


2 

3  Introduction 

4 

5  Cell  to  extracellular  matrix  (ECM)  adhesion  plays  a  central  role  for  the  structural  organization  of 

6  tissues  of  multicellular  organisms.  Adhesion  mediated  regulation  of  cell  survival  contributes  to 

7  maintenance  of  tissue  homeostasis  by  allowing  cells  to  remain  in  their  proper  tissue  environment.  Absence 

8  of  survival  signals  from  ECM  can  trigger  apoptosis  in  a  process  referred  to  as  anoikis  (Frisch  and  Screaton, 

9  2001).  Tumor  cells  become  anchorage-independent  for  growth  and  survival  and  thus  most  epithelial- 

10  derived  cancer  cells  display  significant  resistance  to  anoikis  (Schwartz,  1997).  This  characteristic  has 

1 1  important  implications  for  metastasis  as  cells  that  survive  after  detachment  from  their  primary  site  may 

12  travel  through  circulatory  systems  to  secondary  sites  (Simpson  et  al.,  2008).  Studies  using  three 

13  dimensional  (3D)  organotypic  culture  systems,  which  have  been  increasingly  used  to  understand  pathways 

14  regulating  glandular  morphogenesis  and  epithelial  cancer  development  (Debnath  and  Brugge,  2005),  have 

15  implicated  anoikis  resistance  as  an  early  event  in  cancer  progression.  Many  types  of  early  breast  cancer 

16  lesions  such  as  ductal  carcinoma  in  situ  are  characterized  by  fdling  of  the  luminal  space  (Harris,  2004). 

17  Mechanisms  underlying  lumen  formation  have  been  examined  using  MCF-lOA  cells,  an  immortalized 

18  human  mammary  epithelial  cell  line.  These  cells  when  cultured  in  reconstituted  basement  membrane, 

19  undergo  a  series  of  morphogenic  changes  resulting  in  formation  of  acinus-like  structures  containing  a 

20  single  layer  of  polarized  cells  surrounding  a  hollow  lumen  (Muthuswamy  et  al.,  2001).  Clearance  of 

21  centrally  located  cells  in  this  model  involves  apoptosis,  because  these  cells  within  acinar  structures  are  not 

22  in  direct  contact  with  matrix  suggesting  that  anoikis  may  be  involved  (Debnath  et  al.,  2002).  Indeed,  we 

23  have  shown  that  cell  detachment  at  the  single  cell  level  and  apoptosis  during  lumen  formation  in  3D 

24  morphogenesis  both  require  induction  of  the  Bcl-2-family  proapoptotic  BH3-only  protein  Bim;  and 
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1  oncogenes  that  induce  anoikis  resistance  and  are  capable  of  blocking  or  delaying  lumen  formation  in  3D 

2  culture  block  Bim  induction  (Reginato  et  al.,  2003);  (Reginato  et  al.,  2005);  (Reginato  and  Muthuswamy, 

3  2006).  Recent  studies  have  found  that  Bim  is  also  required  in  the  mouse  mammary  gland  for  apoptosis 

4  during  lumen  formation  (Mailleux  et  al.,  2007)  correlating  with  in  vitro  3D  acinar  morphogenesis  culture 

5  system. 

6  Inhibition  of  Bim  expression  in  MCF-lOA  cells  is  coordinated  by  both  integrin  and  EGF  receptor 

7  regulation  of  Erk  signaling  that  is  dependent  on  cell  adhesion.  Loss  of  integrin  receptor  adhesion  leads  to 

8  downregulation  of  EGF  receptor  expression  and  signaling  to  the  Mek/Erk  pathway  leading  to  induction  of 

9  Bim  (Reginato  et  al.,  2003).  Cells  overexpressing  EGF  receptor  are  able  to  escape  regulation  from  loss  of 

10  integrin  engagement,  additionally  they  allow  cell  survival  from  anoikis  and  inhibit  Bim  expression; 

1 1  suggesting  that  elevated  levels  of  growth  factor  receptor  may  be  able  to  uncouple  from  integrin  regulation. 

12  However,  recent  evidence  suggests  that  integrin  receptors  are  required  for  oncogenic  phenotypes  in  vivo 

13  (Guo  et  al.,  2006;  White  et  al.,  2004).  Thus,  it  is  not  clear  whether  growth  factor  receptors  expressed  at 

14  high  levels  still  require  integrins  in  the  absence  of  adhesion  for  proper  survival  signaling  and  anoikis 

15  resistance. 

16  ErbB2  (HER2/Neu)  is  a  receptor  tyrosine  kinase  (RTK)  that  is  overexpressed  in  20%  to  30%  of 

17  invasive  breast  tumors  and  up  to  85%  of  comedo  type  ductal  carcinoma  in  situ  (DCIS),  a  premalignant 

18  stage  of  breast  cancer  (Hynes  and  Stern,  1994;  Lohrisch  and  Piccart,  2001).  A  number  of  ErbB2  inhibitors, 

19  although  initially  effective  in  breast  cancer  patients,  lose  activity  during  prolonged  treatment  (Nahta  et  al., 

20  2006)  indicating  the  need  for  identification  of  additional  therapeutic  targets.  We  have  previously  shown 

21  that  cells  overexpressing  ErbB2  can  induce  anoikis  resistance  in  mammary  epithelial  cells  (Reginato  et  al., 

22  2003).  In  addition,  activation  of  ErbB2  in  3D  acini  leads  to  increase  in  proliferation  and  luminal  filling 

23  (Muthuswamy  et  al.,  2001).  ErbB2  inhibition  of  luminal  apoptosis  during  morphogenesis  is  associated  with 
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1  increased  Erk  aetivation  and  decreased  Bim  expression  (Reginato  et  al.,  2005).  It  remains  unclear  whether 

2  epithelial  eells  overexpressing  ErbB2  still  require  integrins  for  anoikis  resistance.  Recently,  it  was  shown 

3  that  mice  expressing  a  dominant  negative  form  of  integrin  p4  could  inhibit  ErbB2-mediated  mammary 

4  oncogenesis  suggesting  that  caneer  eells  overexpressing  RTKs  are  dependent  on  integrin  beta  subunits  for 

5  their  growth  and  survival  (Guo  et  al.,  2006).  However,  the  requirement  of  speeific  integrin  subunits  for 

6  ErbB2-mediated  anoikis  resistanee  has  not  been  addressed. 

7  Here  we  show  that  ErbB2  expressing  breast  cancers  positively  eorrelate  with  increased  integrin  a5 

8  levels  and  ErbB2  requires  integrin  a5  for  anoikis  resistance.  Integrin  a5  is  highly  upregulated  in  ErbB2- 

9  overexpressing  eells  via  regulation  of  the  Mek/Erk  kinase  pathway.  Additionally,  integrin  a5  is  required 

10  for  ErbB2-mediated  anoikis  resistance  both  in  3D  aeini  and  soft  agar  colony  formation.  Reducing 

1 1  expression  of  integrin  a5  in  ErbB2-overexpressing  cells  leads  to  loss  of  c-Sre  hyperactivity  in  the  absence 

12  of  adhesion.  Furthermore,  this  redueed  expression  was  found  to  deerease  ErbB2  tyrosine  phosphorylation 

13  on  Y877  and  decreased  signaling  to  the  Mek/Erk  pathway  allowing  reversal  of  Bim  inhibition.  Elevation  of 

14  integrin  a5  in  epithelial  cells  with  low  adhesion  helps  activate  and  eouple  e-Src  aetivity  to  RTKs  sueh  as 

15  ErbB2  and  allow  survival  from  anoikis.  Thus,  a  signaling  loop  involving  integrin  a5,  c-Sre,  RTK,  and  Erk 

16  is  neeessary  for  inhibition  of  Bim  expression  and  anoikis  resistance;  whieh  suggests  this  loop  may 

17  represent  a  potential  novel  therapeutie  target  in  ErbB2-positive  tumors  to  reverse  anoikis  resistance. 

18  Moreover,  our  data  indieates  that  tyrosine  kinase  reeeptors  still  require  integrins  for  proper  survival 

19  signaling  even  in  conditions  of  suboptimal  matrix  interaction. 

20 

21  Results 

22  Integrin  a5  expression  is  upregulated  by  ErbB2  expressing  cells  and  elevated  in  ErbB2  positive  breast 

23  cancers. 
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1  To  determine  whether  ErbB2  regulates  specifie  integrin  subunits  in  human  mammary  epithelial  eells  we 

2  examined  RNA  expression  of  a  number  of  integrin  subunits  in  MCF-lOA  cells  stably  overexpressing 

3  wildtype  ErbB2  (pBabe-NeuN)  compared  to  vector  alone  (pBabe).  By  using  an  RNase  protection  assay 

4  (RPA)  integrin  probe  set,  we  found  a  number  of  integrin  subunits  which  are  constitutively  expressed  in 

5  normal  MCF-lOA  cells  and  cells  overexpressing  ErbB2.  MCF-lOA  cells  overexpressing  ErbB2  did  not 

6  significantly  alter  RNA  expression  of  most  integrin  subunits  compared  to  control  MCF-lOA  cells.  In 

7  contrast,  we  found  a  significant  and  specific  upregulation  of  the  integrin  a5  subunit  in  cells  overexpressing 

8  ErbB2  (data  not  shown).  We  validated  RPA  results  using  quantitative  RT-PCR  and  found  that  integrin  a5 

9  mRNA  was  elevated  three-fold  in  ErbB2  overexpressing  cells  compared  to  parental  MCF-lOA  cells  (Fig 

10  lA).  We  did  not  detect  changes  in  other  integrin  alpha  subunit  mRNA  expression  including  a2  and  a6  by 

11  QRT-PCR.  In  addition,  we  also  examined  expression  of  these  integrin  subunits  in  MCF-lOA  cells 

12  overexpressing  constitutively  active  ErbB2  (NeuT)  and  found  an  eight-fold  elevation  of  integrin  a5  mRNA 

13  but  no  change  in  a2  or  a6  levels  compared  to  control  MCF-lOA  cells.  Consistent  with  RNA  expression, 

14  integrin  a5  protein  levels  were  increased  two-fold  in  ErbB2  (NeuN  or  NeuT)  overexpressing  cells  compared 

15  to  control  cells  (Fig.  IB)  and  analysis  by  flow  cytometry  showed  a  two  to  three-fold  increased  membrane 

16  localization  of  integrin  a5  in  ErbB2  overexpressing  cells  (Supplementary  Fig.  1).  We  found  no  increase  in 

17  protein  expression  of  integrin  a3,  integrin  p4,  or  integrin  pi  in  ErbB2  overexpressing  cells  compared  to 

18  control  cells  (Fig.  IB)  and  also  no  change  in  surface  expression  of  integrin  a6  or  integrin  pi  (data  not 

19  shown). 

20  To  determine  whether  ErbB2  overexpression  in  MCF-lOA  cells  undergoing  3D  morphogenesis  also 

21  increased  expression  of  integrin  a5,  we  analyzed  levels  of  several  integrin  subunits  during  morphogenesis. 

22  Cells  stably  overexpressing  wildtype  ErbB2  (NeuN)  had  three  to  four-fold  higher  levels  of  integrin  a5  at 

23  day  6  and  day  8  when  compared  to  control  cells  (Fig.  1C).  Expression  of  other  integrin  subunits  was  not 
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1  increased  including  integrin  a3  or  integrin  |31  during  morphogenesis.  We  have  previously  shown  that 

2  normal  cells  undergoing  morphogenesis  in  3D  culture  induces  Bim  expression  around  day  8,  and  that  Bim  is 

3  required  for  clearing  of  the  central  lumen  (Reginato  et  al.,  2005).  Bim  inhibition  is  associated  with  luminal 

4  fdling  and  deceased  apoptosis  in  cells  overexpressing  oncogenes,  including  ErbB2,  during  morphogenesis 

5  (Reginato  et  al.,  2005)  (Fig.  1C).  We  also  examined  localization  of  integrin  a5  in  normal  and  ErbB2- 

6  expressing  acini  structures  by  immunostaining.  As  previously  shown  (Muthuswamy  et  al.,  2001),  integrin 

7  a6  is  localized  primarily  at  the  basal  surface  with  weak  staining  at  lateral  surface  of  normal  MCF-lOA  acini 

8  (Fig.  ID).  However,  unlike  integrin  a6,  integrin  a5  is  localized  predominantly  on  lateral  surface  of  normal 

9  acini  (Fig.  ID,  arrowed).  In  ErbB2  expressing  acini,  organization  and  polarity  of  acini  structures  are 

10  disrupted  as  previously  described  (Muthuswamy  et  al.,  2001)  (Aranda  et  al.,  2006)  and  integrin  a5 

1 1  localization  is  no  longer  predominantly  at  lateral  surface. 

12  To  determine  whether  integrin  a5  expression  correlates  with  ErbB2  positive  breast  cancer  tissue,  we 

13  performed  immunohistochemical  staining  on  ErbB2/HER2  positive  breast  cancer  tissue  using  breast  cancer 

14  tissue  arrays.  We  found  very  little  staining  of  integrin  a5  in  normal  breast  epithelial  cells,  benign  breast 

15  tissue  as  well  as  ErbB2-negative  malignant  tissue  (Fig.  2A).  However,  we  found  68%  of  ErbB2  positive 

16  cancer  contained  elevated  integrin  a5  staining  (Figure  2A,  Supplementary  Table  I).  Statistical  analysis 

17  showed  that  there  is  a  significant  and  positive  association  between  integrin  a5  and  ErbB2/HER2  expression 

18  (Pearson’s  correlation=  0.219,  two-tailed,  p<0.05)  (Fig.  2B).  These  results  indicate  that  ErbB2  upregulates 

19  integrin  a5  RNA  and  protein  in  vitro  and  increased  integrin  a5  expression  is  associated  with  ErbB2  positive 

20  breast  cancers. 

21 

22  Integrin  a5  is  required  for  ErbB2-mediated  inhibition  of  luminal  apoptosis  and  anoikis  resistance. 
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1  Upregulation  of  integrin  a5  by  ErbB2  suggests  that  integrin  a5  may  contribute  to  ErbB2-oncogenic 

2  phenotypes  including  anchorage-independence.  We  have  previously  shown  a  critical  interdependence 

3  between  integrin  and  growth  factor  receptors  in  regulation  of  normal  epithelial  cell  survival  during 

4  detachment  from  matrix  signals  (Reginato  et  ah,  2003).  Thus,  we  hypothesized  that  oncogenes,  such  as 

5  ErbB2,  that  inhibit  anoikis  may  co-opt  specific  ECM-related  molecules  that  contributes  to  survival  in 

6  absence  of  adhesion.  To  determine  whether  integrin  a5  is  required  for  ErbB2-anoikis  resistance,  we  used 

7  RNAi  to  reduce  expression  of  integrin  a5.  ErbB2  cells  transfected  with  two  separate  small  interfering 

8  (siRNA)  oligonucleotides  homologous  to  integrin  a5  sequence,  but  not  control  siRNA,  showed  significantly 

9  reduced  expression  of  integrin  a5  at  day  0  of  morphogenesis  assay  (Fig.  3A).  Expression  of  other  integrin 

10  subunits  such  as  integrin  a3  or  integrin  |31  was  not  affected  by  the  integrin  a5  siRNA  transfection  (data  not 

11  shown).  Luminal  apoptosis  was  measured  by  determining  the  percent  of  acini  with  centrally  localized 

12  cleaved  caspase-3  staining.  Reducing  integrin  a5  expression  significantly  increased  luminal  apoptosis  in 

13  ErbB2  expressing  acini  as  measured  by  percentage  of  caspase-3  positive  acini  (Fig.  3B)  compared  to  cells 

14  transfected  with  control  siRNA.  At  day  10  and  12  of  morphogenesis,  acini  derived  from  cells  transfected 

15  with  integrin  a5  siRNA  oligos  contained  two  or  three-fold  higher  centrally  localized,  activated  caspase-3 - 

16  positive  staining  compared  to  acini  transfected  with  control  siRNA  (Fig.  3C).  In  addition  to  control  siRNA, 

17  we  also  found  no  effect  of  reducing  expression  of  integrin  a3  on  luminal  apoptosis  (data  not  shown).  Thus, 

18  integrin  a5  expression  is  specifically  required  for  ErbB2-mediated  inhibition  of  luminal  apoptosis. 

19  Since  luminal  apoptosis  during  morphogenesis  is  associated  with  anoikis,  we  sought  to  determine  the 

20  role  of  integrin  a5  in  ErbB2-mediated  anoikis  resistance.  Following  48  hours  of  cell  detachment,  anoikis 

21  sensitivity  was  increased  two-fold  in  ErbB2-overexprressing  cells  transfected  with  integrin  a5  siRNA 

22  oligonucleotides  compared  to  cells  transfected  with  control  oligos  (Fig.  4A).  Consistent  with  this  data, 

23  increased  apoptosis  in  ErbB2  cells  targeted  with  integrin  a5  RNAi  was  associated  with  increased  levels  of 
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1  cleaved  caspase-3  (Fig.  4B).  We  have  previously  shown  that  ErbB2  blocks  anoikis  in  part  by  inhibiting 

2  expression  of  the  proapoptotic  protein  Bim  during  cell  detachment  (Reginato  et  al.,  2003).  Accordingly,  we 

3  examined  Bim  expression  in  cells  targeted  with  integrin  a5  siRNA.  ErbB2  overexpressing  cells  targeted 

4  with  integrin  a5  siRNA,  but  not  control  siRNA  (Fig.  4B)  or  integrin  a3  siRNA  (data  not  shown),  caused  a 

5  significant  increase  of  Bim  expression  in  cells  in  suspension.  Although  targeting  integrin  a5  led  to 

6  significant  increase  in  luminal  apoptosis  in  3D  and  increased  anoikis  sensitivity  in  suspended  cells,  we  did 

7  not  detect  any  evidence  of  apoptosis  in  ErbB2  cells  attached  in  2D  culture  (Fig.  4 A)  or  in  outer  cells  in 

8  direct  contact  with  ECM  in  3D  culture  (Fig.  3B).  Decreasing  integrin  a5  levels  did  not  alter  sensitivity  of 

9  ErbB2-overexpressing  cells  to  other  apoptotic  stimuli  including  U.V.  or  hydrogen  peroxide  treatment  (data 

10  not  shown)  in  2D;  suggesting  that  the  relationship  between  ErbB2  and  integrin  a5  and  apoptosis  is  specific 

11  to  cells  under  low  adhesion.  Moreover,  reducing  integrin  a5  in  ErbB2  overexpressing  cells  did  not  alter 

12  overall  cell  growth  in  3D  conditions  (Supplementary  Fig.  S2A).  or  in  2D  attached  cells  (Supplementary  Fig. 

13  S2B).  Although  reducing  integrin  a5  levels  increased  luminal  apoptosis  in  ErbB2  overexpressing  acini,  we 

14  found  that  it  only  partially  led  to  hollowing  the  lumen  of  these  acini  (data  not  shown).  Since  targeting 

15  intgerin  a5  had  minimal  effects  on  growth  in  3D  of  ErbB2  cells  its  possible  these  acini  remain  partially 

16  fdled,  in  spite  of  increasing  apoptosis,  as  they  remain  highly  proliferative. 

17  We  also  examined  the  role  of  integrin  a5  in  parental  MCF-lOA  cells.  We  found  that  cell  detachment  of 

18  MCF-lOA  cells  also  resulted  in  elevation  of  integrin  a5  protein  levels  (Supplementary  Fig.  S3  A)  and 

19  reducing  integrin  a5  levels  with  RNAi  sensitized  cells  to  anoikis,  increased  levels  of  Bim  and  cleaved 

20  caspase-3  when  placed  in  suspension  compared  to  control  RNAi  cells  (Supplementary  Fig.  S3)  suggesting 

21  integrin  a5  may  play  a  general  role  in  epithelial  anoikis  sensitivity.  As  in  ErbB2-overexpressing  cells, 

22  reducing  intgerin  a5  levels  in  parental  MCF-lOA  cells  did  not  alter  growth  or  organization  in  3D  culture 

23  (Supplementary  Fig.  S3D).  Thus,  integrin  a5  is  critical  for  anoikis  sensitivity  of  both  normal  MCF-lOA 


A9 


1  cells  and  those  overexpressing  ErbB2  and  is  required  for  ErbB2-mediated  inhibition  of  the  proapoptotic 

2  protein  Bim  in  the  absence  of  matrix  attachment  but  does  not  appear  to  affect  cell  growth. 

3  Anoikis  resistance  is  critical  for  anchorage  independence  at  the  single  cell  level.  We  thus  also  examined 

4  the  effect  of  reducing  integrin  a5  expression  on  ErbB2-mediated  anchorage  independent  colony  formation. 

5  For  these  experiments  we  used  cells  overexpressing  the  active  form  of  ErbB2  (NeuT)  as  they  form  robust 

6  colonies  in  soft  agar.  We  found  that  NeuT  overexpressing  cells  targeted  with  integrin  a5,  but  not  control 

7  siRNA,  formed  fewer  colonies  in  soft  agar  by  greater  then  two-fold  (Fig.  4C).  Targeting  integrin  a3  had  no 

8  effect  on  colony  formation  of  NeuT  cells  in  soft  agar  (data  not  shown).  Thus,  integrin  a5  is  specifically 

9  required  for  ErbB2-mediated  anchorage  independence.  To  verify  specificity  of  RNAi  oligos,  ErbB2 

10  overexpressing  cells  were  infected  with  shRNA  against  integrin  a5  and,  when  compared  to  scrambled 

11  shRNA,  was  also  able  to  reverse  anoikis  resistance,  Bim  inhibition,  and  colony  formation  in  soft  agar 

12  (Supplementary  Fig.  S4  and  S5).  This  effect  of  integrin  a5  on  ErbB2  oncogenesis  seems  to  be  specific,  as 

13  reducing  integrin  a5  levels  in  MCF-lOA  cells  overexpressing  H-Ras°*^^  cells  had  little  effect  on  anchorage- 

14  independent  growth  (data  not  shown).  Thus,  integrin  a5  is  required  for  ErbB2-mediated  anoikis  resistance 

15  in  3D  acini  and  during  anchorage  independence.  Additionally,  integrin  a5  is  required  for  ErbB2-mediated 

1 6  inhibition  of  Bim  expression. 

17 

1 8  Role  of  integrin  a5  in  ErbB2-mediated  signaling. 

19  Oncogenes  such  as  ErbB2  maintain  active  signaling  pathways  in  the  absence  of  matrix  attachment,  which 

20  can  regulate  cell  survival  pathways.  Indeed,  we  have  shown  that  oncogene  overexpression  is  able  to 

21  maintain  the  Erk  pathway  active  during  cell  detachment  allowing  inhibition  of  both  Bim  expression  and 

22  anoikis  (Reginato  et  al.,  2003).  Thus,  we  examined  the  role  of  integrin  a5  in  regulating  ErbB2-mediated 

23  signaling  pathways.  Decreased  expression  of  integrin  a5  had  minor  effect  on  signaling  in  attached  ErbB2 
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1  cells  (Fig.  5A).  However,  decreasing  integrin  a5  expression  in  ErbB2  expressing  cells  decreased  Mek  and 

2  Erk  activity  when  cells  were  placed  in  suspension  (Fig.  5A)  in  a  manner  consistent  with  loss  of  Bim 

3  suppression.  To  determine  the  source  of  altered  signaling  we  examined  whether  integrin  a5  regulated  the 

4  activation  of  ErbB2  phosphorylation.  Decreasing  integrin  a5  levels  had  little  effect  on  ErbB2 

5  phosphorylation  in  attached  cells  (Figure  5B).  Remarkably,  in  suspended  cells  we  find  that  decreasing 

6  integrin  a5  levels  reduces  total  phosphotyrosine  levels  of  ErbB2  as  well  a  phosphorylation  of  Tyr-877  and 

7  Tyr-1248  without  altering  total  levels  of  ErbB2  protein  (Fig.  5B).  Recent  studies  have  shown  that  c-Src  is  a 

8  key  regulator  of  ErbB2  tyrosine  phosphorylation  (Ishizawar  et  al.,  2007)  specifically  at  Tyr-877  (Xu  et  al., 

9  2007)  and  that  c-Src  activity  is  required  for  ErbB2-mediated  soft  agar  colony  formation.  We  therefore 

10  sought  to  examine  changes  in  c-Src  activity  in  integrin  a5  depleted  cells.  Cells  transfected  with  siRNA 

11  against  control  oligos  had  low  level  of  c-Src  activity  in  attached  cells.  However,  in  cells  placed  in 

12  suspension,  c-Src  activity  increased  dramatically.  Conversely,  cells  transfected  with  two  different  siRNA 

13  oligos  against  a5  had  slightly  reduced  levels  of  c-Src  activity  in  attached  cells  and  blocked  induction  of  c- 

14  Src  activity  in  cells  placed  in  suspension  (Fig.  5A).  We  did  not  detect  changes  in  other  integrin-mediated 

15  pathways  such  as  FAK  (data  not  shown)  or  Akt  in  suspended  ErbB2  overexpressing  cells.  ErbB2 

16  overexpressing  cells  that  were  infected  with  integrin  a5  shRNA  also  caused  inhibition  of  total  ErbB2 

17  tyrosine  activity  and  reduced  c-Src  phosphorylation  when  compared  to  control  shRNA  infected  MCF-lOA 

18  cells  (Supplementary  Fig.  S4A).  As  in  MCF-lOA  cells  overexpressing  ErbB2,  normal  MCF-lOA  cells  also 

19  elevate  c-Src  activity  when  placed  in  suspension  (Supplementary  Fig.  S3  A)  and  reducing  integrin  a5  levels 

20  blocked  activation  of  Src  in  the  absence  of  adhesion  (Supplementary  Fig.  S3B).  Therefore,  we  conclude  that 

21  integrin  a5  expression  is  required  for  maintaining  full  ErbB2-tyrosine  phosphorylation  and  ErbB2-mediated 

22  Mek/Erk  activity  during  cell  detachment,  and  is  also  required  for  general  elevated  c-Src  activity  in 

23  suspension. 
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2  Role  of  c-Src  in  ErbB2-mediated  anoikis  resistance. 

3  We  hypothesized  that  expression  of  integrin  a5  contributes  to  activation  and/or  maintenance  of  active  c-Src 

4  during  cell  detachment  that  could  be  required  for  optimal  ErbB2  phosphorylation,  leading  to  downstream 

5  signaling  that  allows  anoikis  resistance  through  inhibition  of  Bim.  To  test  this,  we  examined  the  role  of  c- 

6  Src  in  ErbB2-mediated  anoikis  resistance.  Treatment  of  ErbB2  cells  in  suspension  with  c-Src-family  kinase 

7  inhibitor  PPl  or  PP2  reversed  anoikis  resistance  by  ErbB2  (Supplementary  Fig.  S6A).  Moreover,  treatment 

8  of  ErbB2  cells  during  anoikis  with  PPl  or  PP2  showed  decrease  of  ErbB2  Tyr-877  phosphorylation, 

9  increased  levels  of  Bim  expression  by  six-fold,  and  elevated  cleaved  caspase-3  (Supplementary  Fig.  S6B). 

10  Treatment  of  attached  ErbB2  overexpressing  cells  with  PPl  or  PP2  had  no  effect  on  apoptosis  or  Bim 

11  expression  (data  not  shown).  We  also  tested  the  effect  of  c-Src  inhibitors  on  ErbB2-overexpressing  3D 

12  acini.  Starting  at  day  8,  acini  were  treated  for  48  hrs  with  c-Src  inhibitor  PP2,  and  analyzed  for  cleaved 

13  caspase-3  positivity  at  day  10  and  day  12.  We  observed  an  increase  in  cleaved  caspase-3  staining  within 

14  centers  of  acini  treated  with  PP2  (Fig.  6A).  When  we  ascertained  the  percentage  of  cleaved  caspase-3 

15  positive  acini  in  both  control  and  PP2-treated  cultures,  we  found  at  least  a  two-fold  increase  in  luminal  cell 

16  death  in  PP2-treated  cells  vs.  control  (Fig.  6B).  As  was  the  case  in  cells  targeted  with  integrin  a5  RNAi,  the 

17  cells  undergoing  apoptosis  due  to  treatment  with  c-Src  inhibitor  were  predominantly  in  the  center  of  each 

18  acini  (Fig.  6A).  We  also  sought  to  determine  if  reversal  of  ErbB2-mediated  protection  from  luminal 

19  apoptosis  in  3D  acini  by  c-Src  inhibitor  PP2  correlated  with  Src  activity,  ErbB2  Tyr-877  phosphorylation, 

20  and  Bim  expression.  Indeed,  3D  acini  treated  with  PP2  was  associated  with  decreased  phosphorylation  of  c- 

21  Src  on  Tyr-416,  ErbB2  on  Tyr-877  and  increased  levels  of  Bim  expression  (Fig.  6C).  To  ensure  specificity 

22  of  c-Src  inhibitors,  we  targeted  c-Src  with  RNAi  and  found  that  reducing  expression  of  c-Src  also  blocked 

23  ErbB2  activation,  reversed  Bim  inhibition  in  suspended  cells  (Figure  5D)  and  increased  sensitivity  to 
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1  anoikis  (Figure  6E)  similar  to  effects  of  c-Src  inhibitors.  Thus,  decreasing  c-Src  activity  in  ErbB2- 

2  overexpressing  cells  leads  to  decrease  in  ErbB2  activation  and  reversal  of  anoikis  resistance  via 

3  upregulation  of  Bim  expression,  and  negatively  affects  ErbB2-mediated  survival  signaling  in  a  manner 

4  similar  to  reduction  of  integrin  a5  expression. 

5 

6  ErbB2  regulation  of  integrin  a5  via  Mek/Erk  pathway.  To  characterize  the  ErbB2-mediated  regulation 

7  of  integrin  a5  expression,  we  examined  the  effects  of  inhibiting  several  kinases  downstream  of  ErbB2  on 

8  integrin  a5  expression  in  3D  culture.  Incubation  of  ErbB2-expressing  acini  for  48  hrs  with  a  MEK  inhibitor 

9  (U0126)  blocked  integrin  a5  expression  (Fig.  7 A)  in  3D  culture  suggesting  that  signaling  downstream  of 

10  Mek  regulates  integrin  a5  expression.  Treatment  of  acini  with  PI(3)K  inhibitor  (LY294002)  had  no  effect 

11  on  integrin  a5  levels  (Fig.  7A).  To  determine  whether  activation  of  the  Erk  pathway  is  sufficient  to 

12  upregulate  integrin  a5  in  3D  acini,  stable  pools  of  MCF-lOA  cells  expressing  a  constitutively  activate 

13  variant  of  Mek  (MEK2-DD)  were  generated  and  cultured  in  3D.  MCFIO-A  cells  expressing  MEK2-DD 

14  contained  high  levels  of  activated  Erk  compared  to  control  acini,  and  significantly  upregulated  integrin  a5 

15  expression  during  3D  morphogenesis;  as  indicated  by  immunoblotting  of  acinar  structures  (Fig.  7B). 

16  Overexpression  of  an  active  form  of  Akt  (myristoylated  Aktl)  had  no  effect  on  integrin  a5  expression  (Fig. 

17  7B).  As  previously  shown,  activation  of  the  Mek/Erk  pathway,  but  not  the  Akt  pathway,  blocks  Bim 

18  expression  in  3D  acini  (Fig.  7B)  (Reginato  et  ah,  2005).  These  results  reveal  that  the  Mek/Erk  pathway  in 

19  ErbB2  expressing  3D  structures  regulates  integrin  a5  expression. 

20  Taken  together,  these  results  indicate  that  increased  levels  of  integrin  a5  and  Src  activity  in 

21  suspension  of  mammary  epithelial  cells  functions  as  a  survival  mechanism  to  transiently  protect  cells 

22  against  anokis.  However,  in  cells  overexpressing  RTKs,  such  as  ErbB2,  elevation  of  integrin  a5  and  Src 

23  activity  can  maintain  RTKs  active  and  allow  Erk  activation  and  inhibition  of  Bim  expression,  and 
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1  chronically  block  anoikis.  Additionally,  this  data  suggests  that  RTKs,  such  as  ErbB2,  are  dependent  on 

2  speeifie  integrin  subunits  for  anoikis  resistance. 

3 

4  DISCUSSION 

5  Our  findings  show  overexpressed  growth  faetor  reeeptors  require  speeifie  integrin  subunits  for  anoikis 

6  resistanee  at  the  single  cell  level,  but  also  in  the  more  tissue-relevant  context  of  3D  eulture.  Previous  work 

7  using  normal  epithelial  eells,  showed  that  integrin-mediated  adhesion  was  required  for  proper  growth  faetor 

8  survival  signaling  (Reginato  et  ak,  2003).  Overexpression  of  growth  factor  receptors,  whieh  is  found  in 

9  many  epithelial  carcinomas,  is  thought  to  uncouple  and  bypass  the  requirement  for  integrin  signaling  in  the 

10  absenee  of  adhesion.  Our  results  here  reveal  that  growth  factor  receptors  can  regulate  speeifie  integrin 

11  subunits  to  maintain  their  own  activation  and  thus  remain  highly  dependent  on  integrin  funetion  under 

12  conditions  of  no  or  reduced  matrix  adhesion.  We  show  that  epithelial  cells  overexpressing  ErbB2  upregulate 

13  integrin  a5  RNA  and  protein  and  that  integrin  a5  is  required  for  ErbB2-mediated  anoikis  resistanee 

14  associated  with  luminal  filling  during  morphogenesis  of  spheroid  epithelial  structures  in  vitro.  Moreover, 

15  integrin  a5  is  required  in  maintaining  elevated  e-Src  aetivity  contributing  to  ErbB2  phosphorylation  and 

16  downstream  Mek/Erk-mediated  inhibition  of  Bim  during  loss  of  adhesion.  Activation  of  c-Src  by  cells  in 

17  suspension  is  required  for  ErbB2  phosphorylation  and  ErbB2-mediated  Bim  inhibition  and  anoikis 

18  resistance.  In  addition,  we  show  that  normal  epithelial  cells  also  elevate  expression  of  integrin  a5  when 

19  detached  from  matrix  allowing  aetivation  of  e-Sre  in  suspension  to  delay  anoikis  possibly  by  maintaining 

20  RTK  signaling  such  as  EOF  receptor.  However,  EGFR  expression  is  not  maintained  in  normal  cells  without 

21  adhesion  (Reginato  et  al.,  2003).  Under  eonditions  when  RTKs,  such  as  ErbB2,  are  overexpressed,  our  data 

22  suggests  that  e-Src  activation  during  matrix  deprivation  functions  to  maintain  RTKs  active  and  protect  from 

23  anoikis.  Indeed,  reeent  data  in  prostate  caneer  cells  show  that  e-Src  activation  during  cell  detachment 


A14 


1  phosphorylates  EGF  receptor  on  pY845  (site  homologues  to  ErbB2  p877)  during  cell  detachment  and 

2  blocks  anoikis  via  Erk/Bim  axis  (Giannoni  et  al.,  2009).  The  integrin  a5/c-Src  survival  pathway  may  be 

3  specific  for  RTKs  since  reducing  integrin  a5  had  no  effect  on  anchorage  independent  growth  of  Ras 

4  overexpressing  cells.  Thus,  elevating  integrin  a5  under  low  adhesion  may  be  a  general  mechanism  of 

5  survival  from  anoikis  that  is  co-opted  by  RTKs  in  cancer  cells  to  maintain  its  own  activity,  promote  cell 

6  survival  and  block  luminal  clearing  in  cases  where  tissue  architecture  and  cell-matrix  interactions  are 

7  compromised  possibly  in  early  stages  of  cancer. 

8  Anoikis  also  serves  as  a  barrier  to  metastasis  (Reddig  and  Juliano,  2005),  and  since  integrin  a5  is 

9  known  to  support  epithelial  migration  and  metastasis  (Imanishi  et  al.,  2007);  (Jia  et  al.,  2004)  (Murthy  et  al., 

10  1996),  our  results  suggest  that  integrin  a5  may  also  contribute  to  survival  during  metastatic  dissemination  in 

11  the  absence  of  matrix  adhesion.  Our  data  shows  that  integrin  a5  expression  positively  correlates  with 

12  ErbB2-overexpressing  breast  cancers.  While  this  manuscript  was  under  review,  an  article  by  Valastyan  et  al. 

13  showed  that  integrin  a5  levels  are  also  elevated  in  metastatic  breast  cancers  compared  to  primary  tumors 

14  and  expression  of  integrin  a5  is  associated  with  a  cohort  of  genes  that  is  associated  with  poor  clinical 

15  outcome  of  breast  cancer  patients  (Valastyan  et  al.,  2009).  Indeed,  consistent  with  our  results,  Valastyan  et 

16  al.  also  showed  that  integrin  a5  plays  a  critical  role  in  anoikis  resistance  of  breast  cancer  cells  in  vitro.  Thus, 

17  integrin  a5  may  serve  as  a  key  player  in  breast  cancer  progression  including  metastasis. 

18  Integrins  and  receptor  tyrosine  kinases  are  well  know  to  collaborate  and  regulate  a  number  of 

19  physiological  processes  including  pathways  that  control  cell  growth,  cell  movement  and  survival  (reviewed 

20  in,  (Lee  and  Juliano,  2004)  (Miranti  and  Brugge,  2002)).  Loss  of  adhesion  can  negatively  regulate  RTKs, 

21  since  detachment  of  normal  cells  can  result  in  desensitization  to  EGF.  For  example,  by  inhibiting  expression 

22  of  EGF  receptor  (Reginato  et  al.,  2003),  and  possibly  by  targeting  receptors  for  degradation  as  is  the  case  for 

23  EDGE  receptor  (Baron  and  Schwartz,  2000).  Interestingly,  integrin  p4  has  recently  been  shown  to  cooperate 
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1  with  ErbB2  in  a  breast  cancer  mouse  model  (Guo  et  al.,  2006).  These  studies  showed  that  using  a  mouse 

2  model  of  ErbB2-induced  mammary  carcinoma  containing  an  integrin  p4-signaling-deficient  mutant  blocked 

3  tumor  growth  and  invasion  in  vivo.  In  addition,  expression  of  this  mutant  reversed  ErbB2-mediated  acini 

4  disorganization,  disruption  of  cell-cell  junctions,  and  polarity  in  3D  culture.  In  our  study,  reducing  levels  of 

5  integrin  a5  had  little  to  no  effect  on  acinar  cell  growth,  organization  of  cell-cell  contacts  or  polarity  of  outer 

6  cells  in  direct  contact  with  ECM.  Only  inner  cells  in  3D  acini  not  in  direct  contact  with  ECM  became 

7  sensitized  to  loss  of  integrin  a5.  This  is  consistent  with  our  finding  that  reducing  integrin  a5  in  ErbB2-cells 

8  cultured  in  2D  did  not  alter  cell  growth  or  induce  apoptosis  in  cells  attached  to  plastic,  but  only  had  an  effect 

9  during  cell  detachment.  Our  study  suggests  that  ErbB2  activity  and  survival  function  becomes  highly 

10  dependent  on  integrin  a5  in  the  absence  of  strong  ECM  adhesions,  and  that  ErbB2  may  depend  on  other 

1 1  integrins,  such  as  a6/p4,  for  amplifying  signals  when  in  direct  contact  with  ECM. 

12  Evidence  of  adhesion-independent,  growth  factor-dependent  activities  of  integrins  is  also 

13  emerging  and  may  be  especially  relevant  in  cancer  cells  overexpressing  RTKs  (Comoglio  et  al.,  2003). 

14  Tumor  cells  overexpressing  RTKs  may  be  able  to  uncouple  from  normal  regulation  by  cell  adhesion,  and 

15  also  utilize  integrins  as  adaptors  to  amplify  signals.  For  example,  in  various  tumor  cell  lines  integrin  p4  can 

16  act  as  a  functional  signaling  molecule  without  engagement  of  its  extracellular  ligand-binding  domain  by 

17  complexing  with  the  hepatocyte  growth  factor  (HGF)  receptor  Met  (Trusolino  et  al.,  2001).  Integrin  P4 

18  conspires  with  Met  receptor  for  anchorage-independent  growth  by  activating  Met  signaling  towards  the 

19  Ras-Erk  cascade  (Bertotti  et  al.,  2006).  It  is  still  also  possible  that  matrix  adhesions  do  contribute  to  the 

20  integrin  a5  regulation  of  ErbB2  during  cell  detachment,  as  it  has  been  shown  for  the  autocrine  loop  of 

21  laminin-5-a6p4-Rac  described  in  the  HMT-3544  human  breast  cancer  progression  series  (Zahir  et  al., 

22  2003).  However,  we  did  not  observe  changes  in  FAK  activity  in  ErbB2  overexpressing  cells  compared  to 

23  normal  cells,  and  did  not  detect  any  FAK  activity  in  suspension,  suggesting  that  FAK-dependent  adhesion 
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1  signaling  was  not  involved.  In  addition,  we  were  unable  to  detect  any  fibronectin,  the  major  ligand  for 

2  integrin  a5,  staining  in  centrally  located  cells  in  acini  overexpressing  ErbB2  (data  not  shown).  Moreover, 

3  studies  using  mammary  epithelial  cells  overexpressing  ErbB2  treated  with  integrin  pi  and  a5  blocking 

4  antibodies  had  no  effect  on  colony  formation  in  soft  agar,  suggesting  that  matrix-derived  signals  may  not  be 

5  required  for  ErbB2-mediated  anchorage  independence  (Jenndahl  et  al.,  2006).  Whether  integrin  a5  has 

6  adhesion-independent  adaptor  functions  for  ErbB2  activation,  as  has  been  shown  for  integrin  P4  regulation 

7  of  the  Met  tyrosine  kinase  (Trusolino  et  al.,  2001),  remains  to  be  determined. 

8  Activation  of  c-Src  is  known  to  play  a  significant  role  in  integrin  and  receptor  tyrosine  kinase 

9  cross  talk,  allowing  synergy  between  these  pathways,  especially  in  transformed  cells  (Bromann  et  al.,  2004). 

10  Our  work  shows  that  integrin  a5  allows  maintenance  of  Src  phosphorylation  in  the  absence  of  cell  adhesion 

11  that  in  turn  allows  ErbB2  activation  and  survival  from  anoikis.  A  number  of  studies  have  shown  that 

12  detachment  from  the  substratum  induces  an  increase  in  the  phosphorylation  and  activity  of  c-Src  in  tumor 

13  cell  lines  (Wei  et  al.,  2004)  and  in  nonmalignant  rat  intestinal  epithelial  cells  (Loza-Coll  et  al.,  2005). 

14  Intriguingly,  in  rat  intestinal  cells  c-Src  activity  is  transiently  increased  during  cell  detachment  and 

15  contributes  to  transient  protection  from  anoikis  for  about  two  hours.  Moreover,  Src  activation  in  suspension 

16  correlates  with  anoikis  resistance,  as  six  anoikis-resistant  lung  cancer  cell  lines  were  found  to  induce  and 

17  maintain  c-Src  activation  upon  cell  detachment  (Wei  et  al.,  2004).  Our  studies  suggest  that  overexpression 

18  of  RTKs,  such  as  ErbB2,  induce  expression  of  specific  integrins  to  help  maintain  c-Src  activity  in 

19  suspension.  It  is  possible  that  elevated  levels  of  integrin  a5  help  recruit  c-Src  to  the  plasma  membrane,  in 

20  the  absence  of  adhesion,  where  it  can  proceed  to  activate  ErbB2  on  Tyr-877  and  maintain  ErbB2  activity 

21  therefore  inhibiting  Bim  expression  and  suppressing  anoikis.  Recent  data  in  prostate  cancer  cells  suggest  a 

22  similar  model  of  Src  regulation  of  EOF  receptor  activation  during  cell  detachment  that  maintains  Erk  active 

23  in  suspension  and  blocks  Bim  expression  and  anoikis  (Giannoni  et  al.,  2009).  Although  it  is  not  clear  how  c- 
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1  Src  becomes  active  during  cell  detachment,  studies  have  shown  that  some  tyrosine  kinase  receptors,  such  as 

2  EGFR,  and  PDGFR,  can  bind  to  c-Src  via  its  SH2  domain  and  activate  it  (Bromann  et  al.,  2004).  However, 

3  we  did  not  detect  major  differences  in  c-Src  activity  in  cells  overexpressing  FrbB2  compared  to  parental 

4  MCF-lOA  cells  (data  not  shown),  suggesting  that  ErbB2  may  not  be  directly  involved  in  regulating  c-Src 

5  activity  in  absence  of  adhesion.  Recent  studies  showed  that  maintenance  of  c-Src  activation  in  suspended 

6  prostate  cancer  cells  required  production  of  reactive  oxygen  species  (ROS)  (Giannoni  et  al.,  2009).  It  is  not 

7  clear  whether  ROS  plays  a  role  in  c-Src  regulation  during  anoikis  in  MCF-lOA  cells.  However,  it  will  be  of 

8  interest  to  determine  whether  integrin  a5  plays  a  role  in  ROS  regulation  of  c-Src  during  cell  detachment. 

9  Accumulating  evidence  suggests  that  overexpression  or  increased  activity  of  c-Src  plays  a  key 

10  role  in  ErbB2-mediated  anchorage  independence  and  cell  survival  (Bromann  et  al.,  2004;  Ishizawar  and 

1 1  Parsons,  2004).  However,  the  link  to  apoptotic  pathways  has  not  been  well  characterized.  Previous  studies 

12  have  implicated  c-Src  regulation  of  Stat-3  control  of  Bcl-xF  in  cells  expressing  EGFR  and  ErbB2  (Kami  et 

13  al.,  1999;  Song  et  al.,  2003),  but  in  our  studies  we  did  not  detect  changes  in  Bcl-xF  expression  in  ErbB2 

14  overexpressing  cells  when  compared  to  control  MCF-lOA  cells  or  in  ErbB2  cells  targeted  with  integrin  a5 

15  RNAi  (data  not  shown).  Our  finding  that  c-Src  is  required  for  ErbB2-mediated  inhibition  of  Bim  during 

16  anoikis  may  explain  in  part  how  c-Src  regulates  ErbB2-mediated  anchorage-independent  survival. 

17  Interestingly,  non-small  cell  lung  cancer  cell  (NSCFC)  lines  dependent  on  EGF  receptor  for  survival  contain 

18  elevated  phosphorylation  of  c-Src-family  kinase.  Treatment  of  these  cells  with  c-Src  inhibitor  reduced 

19  phosphorylation  of  EGFR  and  ErbB2,  and  induced  apoptosis  (Zhang  et  al.,  2007).  The  regulation  of  Bcl-2 

20  family  members  was  not  examined  in  this  study,  but  it  is  likely  that  induction  of  Bim  may  play  a  key  role, 

21  since  a  number  of  groups  have  implicated  regulation  of  Bim  as  essential  for  apoptosis  induced  by  a  range  of 

22  EGFR/ErbB2  inhibitors  in  NSCFC  (Costa  et  al.,  2007;  Cragg  et  al.,  2007;  de  Fa  Motte  Rouge  et  al.,  2007; 

23  Deng  et  al.,  2007)  and  breast  cancer  cell  lines  (Piechocki  et  al.,  2007).  Thus,  our  studies  suggest  that  the 
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1  integrin  a5  and  c-Src  regulation  of  ErbB2-Erk  axis  is  not  only  critical  for  regulating  Bim,  anoikis  resistance, 

2  and  tumor  oncogenesis,  but  may  also  be  a  vital  cascade  for  developing  novel  strategies  for  cancer  therapy. 

3 

4  MATERIAL  AND  METHODS 

5  Cell  culture  and  materials. 

6  MCF-lOA  cells  were  obtained  from  the  American  Type  Culture  Collection  and  maintained  as  described 

7  previously  (Reginato  et  ah,  2003).  Briefly,  cells  were  cultured  in  DMEM/F12  (Invitrogen,  Carlsbad,  CA) 

8  supplemented  with  5%  donor  horse  serum,  20  ng/ml  EOF  (Peprotech,  Rocky  Hill,  NJ),  10  pg/ml  insulin 

9  (Sigma,  St  Louis,  MO),  1  ng/ml  cholera  toxin  (Sigma),  100  pg/ml  hydrocortisone  (Sigma),  50  U/ml 

10  penicillin,  and  50  pg/ml  streptomycin  (Invitrogen).  Poly-HEMA  and  methylcellulose  were  purchased  from 

11  Sigma.  LY294002  and  U0126  were  purchased  from  Calbiochem  (San  Diego,  CA).  PPl  and  PP2  were 

12  purchased  from  Biomol  (Plymouth  Meeting,  PA).  Growth  factor-reduced  Matrigel  was  obtained  from  BD 

13  Biosciences  (San  Diego,  CA).  Primary  antibodies  to  phospho-ErbB2/Tyr  877,  a-Cleaved  Caspase  3, 

14  phospho-Mekl/2  (Ser217/221),  phospho-Akt  (Ser473),  Akt,  phospho-Src  (Tyr416),  Src  were  obtained 

15  from  Cell  Signaling  (Danvers,  MA).  Antibodies  for  Actin,  Integrin  a5,  Mekl,  IgG-HRP  and  Erk2  were 

16  obtained  from  Santa  Cruz  Biotech  (Santa  Cruz,  CA).  Antibodies  for  integrin  a5  (for  immunofluorescence), 

17  integrin  pi  and  phosphotyrosine-PY20  were  obtained  from  BD  Biosciences  (San  Diego,  CA).  Antibodies 

18  for  integrin  a3  and  integrin  a6  were  obtained  from  Chemicon  (Temecula,  CA).  Antibodies  for  ErbB2 

19  (Calbiochem,  EMD  Chemicals,  La  Jolla,  CA),  phospho-Erkl/2  [pTpY**^^’^’]  (Biosource,  Camarillo,  CA), 

20  and  Bim  (Stressgen,  Ann  Arbor,  Michigan)  were  also  obtained. 

21 
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Retrovirus  vectors  and  stable  cell  lines 


Retroviral  vectors  pBabe-NeuN,  (human  wildtype  ErbB2),  and  pBabe-MEK2-DD  for  stable  gene 
expression  have  been  described  previously  (Gunawardane  et  ah,  2005;  Reginato  et  ah,  2003). 
Constitutively  active  ErbB2  mutant  (pBabe-NeuT)  was  kindly  provided  by  Danielle  Carroll  (Harvard 
Medical  School,  Boston,  MA).  pLNCX-Myr-Aktl  was  kindly  provided  by  P.  Tsichlis  (Tufts-New  England 
Medical  Center,  Boston,  MA).  Vesicular  stomatitis  virus  G  protein-pseudotyped  retroviruses  were 
produced  and  MCF-lOA  cells  were  infected  and  selected  as  previously  described  (Reginato  et  ah,  2003). 

Quantitative  real  time  PCR  (qRT-PCR) 

Total  RNA  was  isolated  from  cells  using  the  RNeasy  Mini  Kit  according  to  the  manufacturer’s  instructions 
(Qiagen).  Equal  amounts  of  total  RNA  (250ng)  were  added  to  Brilliant  11  QRT-PCR  master  mix 
(Stratagene,  La  Jolla,  CA)  with  primer/probe  sets  purchased  from  Applied  Biosystems  (Foster  City,  CA). 
PCR  reactions  were  performed  in  a  volume  of  25 pi  using  a  MX  3000  machine  and  analysis  was  performed 
using  the  MxPro  software  according  to  the  manufacturer’s  instructions  (Stratagene).  Gene  and  catalog 
numbers  for  the  primer/probe  sets  are  as  follows:  1TGA2  (Hs00158148_ml),  1TGA5  (Hs00233732_ml), 
and  1TGA6  (Hs01041011_ml).  Expression  of  the  housekeeping  gene  cyclophillin  A  (Hs99999904_ml) 
was  used  as  an  internal  loading  control.  Reactions  for  each  sample  were  performed  in  duplicate,  then  each 
duplicate  was  performed  in  triplicate. 

Immunohistochemistry  (IHC) 

Tissue  microarrays  containing  formalin-fixed  paraffin-embedded  breast  tumor  tissue  samples  as  well  as 
normal  breast  tissue  samples  were  obtained  from  US  Biomax,  Inc  (Rockville,  MD).  Breast  cancer  tissue 
microarrays  BR961  and  BRC961,  containing  70  cases  of  HER2/ErbB2  positive  tissue  and  24  cases  of 
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HER2/ErbB2  negative  tissue,  was  de-paraffmized  and  rehydrated.  Heat-induced  antigen  retrieval  was 
performed  at  95*^0  for  30  minutes  using  the  DakoCytomation  Target  Retrieval  Solution  (Dako  North 
America,  Inc,  Carpinteria,  CA).  This  was  followed  by  a  peroxide  block  in  3%  H2O2  to  quench  endogenous 
peroxidase  activity,  and  a  subsequent  1  hour  block  in  10%  goat  serum  in  IX  Tris  Buffered  Saline  (TBS). 
The  tissue  samples  were  then  incubated  in  anti-integrin  a5  antibody  (Santa  Cruz)  at  4pg/ml  in  antibody 
diluent  (DakoCytomation)  overnight  in  a  humidified  chamber  at  room  temperature.  The  primary  antibody 
was  detected  using  goat  anti-rabbit  IgG-peroxidase  antibody  (Sigma)  at  35  pg/ml  in  antibody  diluent,  and 
signals  were  amplified  and  visualized  by  3,3’-diaminobenzidine  (DAB  kit,  DakoCytomation).  Sections 
were  counterstained  using  Harris  hematoxylin,  dehydrated  and  mounted  using  Permount  solution  (Fisher). 
For  statistical  analysis,  all  cases  that  stained  negative  (-)  for  integrin  a5  staining  were  classified  as 
negative,  and  all  cases  with  +,  ++  or  ++-1-  were  classified  as  positive.  Similar  assessment  was  done  for 
ErbB2/Her2  negative  and  positive  tissue.  For  statistical  analysis,  Pearson’s  Correlation  was  used  to  analyze 
the  relationship  between  integrin  a5  expression  and  ErbB2  expression.  The  results  were  considered 
significant  at  p<0.05. 

Western  analysis 

Cell  lysates  from  2-5  x  10^  MCF-lOA  cells,  either  attached  or  in  suspension  for  the  indicated  times,  were 
prepared  in  RIPA  lysis  buffer  (150  mM  NaCl,  1%  NP40,  0.5%  DOC,  50  mM  TrisHCL  at  pH  8,  0.1%  SDS, 
10%  glycerol,  5  mM  EDTA,  20  mM  NaF  and  1  mM  Na3V04)  supplemented  with  1  pg/ml  each  of 
pepstatin,  leupeptin,  aprotinin,  and  200  pg/ml  phenyl  methylsulphonyl  fluoride  (PMSF).  Lysates  were 
cleared  by  centrifugation  at  16,000g  for  20  min  at  4  °C  and  analyzed  by  SDS-PAGE  and  autoradiography. 
Lysates  were  collected  from  cells  in  3D  as  previously  described  (Reginato,  2005).  Briefly,  acini  were 
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1  washed  with  PBS,  incubated  with  RIPA  lysis  buffer  for  15  min  at  4°C  and  then  proteins  were  analyzed  by 

2  western  blotting  using  SDS-PAGE  and  autoradiography. 

3 

4  RNA  interference 

5  Transfections  for  siRNA  were  carried  out  as  previously  described  (Reginato  et  ah,  2003)  (Reginato  et  ah, 

6  2005).  Briefly,  MCF-lOA  cells  were  plated  onto  6-well  plates  at  200,000  cells/well.  After  24  h,  cells  were 

7  transfected  with  double-stranded  RNA-DNA  hybrids  at  a  final  concentration  of  1  pg  annealed  oligo  using 

8  Oligofectamine  (Invitrogen)  according  to  manufacturer's  instructions.  Cells  were  retransfected  as  described 

9  at  48  h.  At  76  h  after  initial  transfection,  cells  were  placed  in  specific  assay  at  the  indicated  times.  Initial 

10  small  interfering  RNA  (siRNA)  oligonucleotides  (SMARTpool)  were  obtained  from  Dharmacon  Research 

1 1  (Lafayette,  CO)  for  integrin  a5  and  a3.  Single  siRNA  were  identified  with  the  highest  level  of  knockdown 

12  and  purchased  from  Dharmacon.  Control  sense  (luciferase)  5’-  (GGCUCCCGCUGAAUUGGA 

13  AUU)d(TT)-3’;  ITGA5#1  sense  5’-  (GCAAGAAUCUCAACAACUCUU)d(TT)-3’;  ITGA5#2  sense  5’- 

14  (GAGAGGAGCCUGUGGAGUAUU)d(TT)-3’;  and  ITGA3  sense  5’-  (GUGUACAUCU- 

15  AUCACAGUAUU)d(TT)-3’. 

16 

17  Lentivirus  vectors  and  stable  cell  lines 

18  Stable  cell  lines  for  shRNA  knock-downs  were  generated  by  infection  with  the  lenti-viral  vector  pLKO.l- 

19  puro  carrying  a  shRNA  sequence  for  scrambled  (Addgene  (Sarbassov  et  ah, 

20  2005)),  Src  (Sigma-Aldrich)  and  integrin  a5  (Open  Biosystems).  VSVG-pseudotyped  lentivirus  was 

21  generated  by  the  cotransfection  of  293 -T  packaging  cells  with  10  pg  of  DNA  and  packaging  vectors  as 

22  described  (Rubinson  et  ah,  2003).  Scrambled  shRNA  sequence  used  is 

23  CCTAAGGTTAAGTCGCCCTCGCTCTAGCGAGGGCGACTTAACCTT.  Src  shRNA  sequence  used  is 
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1  CCGGGACAGACCTGTCCTTCAAGAACTCGAGTTCTTGAAGGACAGGTCTGTCTTTTTG.  Integrin 

2  a5  shRNA  sequence  used  is  AGGCCATGATGAGTTTGGCCGATTCTCGAGAATCGGCC 

3  AAACTCATCATGG.  MCF-lOA  cells  overexpressing  ErbB2  were  infected  as  previously  described 

4  (Reginato  et  al.,  2003). 

5 

6  Colony  formation  in  soft  agar  assay 

1  Cells  were  grown  in  soft  agar  and  fed  as  described  (Gunawardane  et  al.,  2005).  Cells  were  incubated  for  21 

8  days  and  then  stained  with  500  pi  of  0.05%  p-Iodonitrotetrazolium  (fNT)  -  violet  overnight.  Colonies  (>50 

9  pM  in  diameter)  were  counted  using  a  Leica  DM  IRB  Inverted  Research  Microscope  (Bannockburn,  IL). 

10  All  assays  were  conducted  in  duplicate  in  at  least  three  independent  experiments. 

11 

12  Detachment-induced  apoptosis  assay 

13  MCFIOA  cells  were  placed  in  suspension  in  growth  medium  as  previously  described  (Reginato  et  al., 

14  2003).  Briefly,  tissue  culture  plates  were  coated  with  poly-HEMA  (6  mg/ml),  incubated  at  37  °C  until  dry 

15  and  washed  with  PBS  before  use.  Cells  were  placed  in  growth  medium  in  the  presence  of  0.5% 

16  methylcellulose  (to  avoid  potential  survival  effects  caused  by  clumping  of  cells)  in  suspension  at  a  density 

17  of  500,000  cells/ml  and  plated  on  poly-HEMA-coated  60-mm  plates  for  the  indicated  time.  Cells  were  then 

18  washed  with  lx  PBS  and  counted.  25,000  cells  were  used  to  determine  apoptosis  with  the  cell  death 

19  detection  ELISA  kit  (Roche  Diagnostics,  Mannheim,  Germany)  according  to  the  manufacturer's 

20  instructions.  For  some  experiments,  after  cells  were  washed  with  PBS  they  were  resuspended  in  IX 

21  binding  buffer  from  the  Annexin  V-FITC  Apoptosis  Detection  Kit  I  (BD  Pharmingen)  according  to  the 

22  manufacturer’s  instructions.  FITC  annexin  v  and  propidium  iodide  (Annexin  V-FITC  kit)  were  then  added 

23  and  the  cells  incubated  in  the  dark  at  room  temperature  for  15  minutes  immediately  followed  by  analysis 
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1  using  Guava  Technologies  EasyCyte  Plus,  and  data  analyzed  with  Guava  Cytosoft  5.3  software.  In  both 

2  cases,  each  time  point  was  performed  in  duplicate  and  each  experiment  was  carried  out  at  least  three  times. 

3 

4  3D  morphogenesis  assay 

5  Assays  were  performed  as  previously  described  (Reginato  et  al.,  2005).  Briefly,  MCF-10A-ErbB2  cells 

6  were  resuspended  in  assay  medium  (DMEM/F12  supplemented  with  2%  donor  horse  serum,  10  pg/ml 

7  insulin,  1  ng/ml  cholera  toxin,  100  pg/ml  hydrocortisone,  50  U/ml  penicillin,  50  pg/ml  streptomycin,  as 

8  well  as  5  ng/ml  EGF).  Eight- we  11  chamber  slides  (BD  Falcon)  were  coated  with  45  pi  Matrigel  per  well 

9  and  5,000  cells  were  plated  per  well  in  assay  medium  containing  final  concentration  of  2%  matrigel.  Assay 

10  medium  containing  2%  Matrigel  was  replaced  every  four  days  and  chemical  inhibitors,  were  supplemented 

11  to  media  as  indicated. 

12 

13  Immunofluorescence  and  image  acquisition. 

14  Structures  were  prepared  as  previously  described  (Reginato  et  al.,  2005).  Briefly,  acini  were  fixed  in  4% 

15  formalin  for  20  min.  Fixed  structures  were  washed  with  PBS-glycine  (130  mM  NaCl,  7  mM  Na2HP04, 

16  100  mM  glycine)  three  times  for  10  minutes  each  time.  The  structures  were  then  blocked  in  IF  buffer  (130 

17  mM  NaCl,  7  mM  Na2HP04,  3.5  mM  NaH2P04,  7.7  mM  NaN3,  0.1%  bovine  serum  albumin,  0.2%  Triton 

18  X-100,  0.05%  Tween  20)  plus  10%  goat  serum  for  1  to  2  h,  followed  by  2^  blocking  buffer  for  40  min. 

19  Primary  antibodies  were  diluted  in  2^  blocking  buffer,  followed  by  incubation  overnight  at  4°C.  After 

20  washing,  acini  were  incubated  with  secondary  antibodies  coupled  with  Alexa  fluor  dyes  (Molecular 

21  Probes).  Structures  were  incubated  with  0.5  ng/ml  of  DAPI  (4’,  6’-diamidino-2-phenylindole;  Sigma) 

22  before  being  mounted  with  Prolong  (Molecular  Probes).  Quantification  of  caspase-3  staining  in  ErbB2 

23  structures  was  performed  at  x40  magnification.  A  minimum  of  100  acinar  structures  were  counted  per 
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1  experiment,  and  each  experiment  was  performed  three  independent  times.  Confocal  analysis  was 

2  performed  using  the  Leica  DM6000  B  Confocal  Microscope.  Images  were  generated  using  the  Leica 

3  Confocal  Imaging  Software  System  and  converted  to  Tiff  format. 

4 
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8 

9  Figure  Legends 

10  Fig.  1.  Integrin  aS  expression  is  upregulated  by  ErbB2  overexpression  cells.  (A)  RNA  was  prepared 

1 1  from  attached  MCF-lOA  cells  infected  with  retrovirus  of  empty  vector  (pBabe),  wild- type  ErbB2  (NeuN), 

12  or  constitutively  active  ErbB2  (NeuT).  Quantitative  RT-PCR  was  used  to  compare  mRNA  levels  for 

13  integrin  a2,  integrin  a5  and  integrin  a6.  The  values  were  normalized  to  cyclophilin  expression,  and  are 

14  represented  as  mean  ±  SE  of  the  fold  change  for  at  least  3  individual  experiments  (**p<0.05,  ***p<  0.01 

15  by  Students  t  test).  (B)  Lysates  from  MCF-lOA  cells  expressing  pBabe  empty  vector,  NeuN  or  NeuT  were 

16  analyzed  by  Western  analysis  with  indicated  antibodies.  (C)  MCF-lOA  cells  expressing  empty  vector  or 

17  wild-type  ErbB2  (NeuN)  were  placed  in  morphogenesis  assays  and  cell  lysates  collected  at  indicated  times. 

1 8  Protein  levels  were  analyzed  by  immunoblotting  with  indicated.  (D)  Cells  expressing  empty  vector  or  wild- 

19  type  ErbB2  (NeuN)  were  placed  in  morphogenesis  assays  and  were  fixed  and  immunostained  at  day  8  with 

20  antibodies  for  anti-integrin  a5  (green)  and  integrin  a6  (red),  and  nuclei  were  counterstained  with  DAPI 

21  (blue). 

22 

23  Fig.  2  Integrin  a5  is  elevated  in  ErbB2  positive  breast  cancers.  (A)  Normal  and  tumor  tissue  from 

24  human  breast  tissue  microarrays  were  immunohistochemically  stained  with  an  anti-integrin  a5  antibody 

25  (brown)  and  counterstained  with  hematoxylin  (blue)  and  the  expression  of  integrin  a5  was  analyzed. 

26  Representative  images  from  6  tissue  sections  are  shown  (magnification  x20).  (B)  Immunohistochemistry 
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1  was  used  to  determine  integrin  a5  expression,  which  was  classified  as  described  in  the  Methods  section. 

2  From  94  cases,  64  out  of  70  ErbB2-positive  cases  were  also  found  to  stain  positive  for  integrin  a5.  A  two- 

3  tailed  Pearson’s  correlation  test  was  used  to  analyze  the  relationship  between  integrin  a5  expression  and 

4  ErbB2/Her2  status.  Results  were  considered  to  be  significant  at  p<0.05. 

5 

6  Fig.  3.  Integrin  aS  expression  is  required  for  ErbB2-mediated  inhibition  of  luminal  apoptosis  during 

7  morphogenesis.  (A)  At  48  hours  after  initial  transfection  with  siRNA  oligonucleotides  against  integrin  a5 

8  or  luciferase  control,  MCF-lOA  cells  stably  overexpressing  wildtype  ErbB2  (NeuN)  were  placed  in  3D 

9  morphogenesis  assay  for  the  indicated  times.  Lysates  were  then  prepared  and  analyzed  by  Western  blots 

10  using  indicated  antibodies.  (B)  Transfected  ErbB2  (NeuN)  cells  were  cultured  in  3D  morphogenesis  assay 

11  for  10  or  12  days  and  then  fixed  and  stained  with  the  activated  (cleaved)  caspase-3  antibody  (red,  apoptosis 

12  marker).  Nuclei  were  counterstained  with  DAPI  (blue).  (C)  Acini  positive  for  activated  (cleaved)  caspase-3 

13  were  counted  and  the  fold  change  in  caspase-3  positivity  per  experiment  was  plotted.  Acini  containing  two 

14  or  more  activated  caspase-3  cells  were  scored  as  positive,  (n  =  3,>  100  acini/experiment;  mean  ±  s.e.m.  of 

15  the  fold  change.  **p<0.05,  ***p<  0.01  by  Students  t  test). 

16 

17  Fig.  4.  Integrin  aS  is  required  for  ErbB2-mediated  anoikis  resistance,  Bim  inhibition,  and  anchorage 

1 8  independence.  (A)  At  48  hours  after  initial  transfection  with  siRNA  oligonucleotides  against  integrin  a5 

19  or  luciferase  control,  MCF-lOA  cells  stably  overexpressing  wildtype  ErbB2  (NeuN)  were  harvested  as 

20  attached  cells,  or  placed  in  suspension  for  48  hours  and  then  analyzed  for  apoptosis  using  DNA 

21  Fragmentation  ELISA.  Values  represent  the  mean  ±  s.e.m.  of  the  fold  change  of  A405  for  at  least  three 

22  independent  experiments  (**p<0.05  by  Students  t  test  when  comparing  results  for  the  48h  suspension 

23  cells).  (B)  In  parallel  experiments,  transfected  cells  were  lysed  from  monolayer  culture  or  from  48hr 
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1  suspension  culture  and  proteins  analyzed  by  immunoblotting  with  indicated  antibodies.  (C)  MCF-lOA  cells 

2  stably  overexpressing  activated  ErbB2  (NeuT)  were  transfected  with  luciferase  control  or  integrin  a5 

3  siRNA  oligos.  At  48  hours  after  initial  transfection  cells  were  placed  in  soft  agar  plates  for  21  days  and 

4  then  stained  with  INT  violet.  The  number  of  soft  agar  colonies  was  determined  and  the  percentages 

5  normalized  to  that  of  control  siRNA.  The  values  shown  represent  averages  of  normalized  values  (n  =  3, 

6  mean  ±  s.e.m.  (**p<0.001,  ***p<0.05  by  Students  t  test)). 

7 

8  Fig.  5.  Integrin  a5  is  required  for  ErbB2-mediated  signaling.  (A)  MCF-lOA  cells  stably  overexpressing 

9  wildtype  ErbB2  (pBabe-NeuN)  were  transfected  with  luciferase  control  or  integrin  a5  siRNA  oligos.  At  48 

10  hours  after  initial  transfection  cells  were  placed  in  suspension  for  indicated  times  before  lysis.  Proteins  were 

1 1  analyzed  by  immunoblotting  with  indicated.  (B)  MCF-lOA  ErbB2  (pBabe-NeuN)  cells  were  transfected 

12  with  luciferase  control  or  integrin  a5  siRNA  oligos.  At  48  hours  after  initial  transfection  cells  were  placed 

13  in  suspension  for  indicated  times  before  lysis.  Proteins  were  analyzed  by  immunoblotting  with  indicated 

14  antibodies. 

15 

16  Fig.  6.  Integrin  regulation  of  ErbB2-niediated  survival  is  associated  with  c-Src  activation  in 

17  suspension  and  morphogenesis.  (A-C)  MCF-lOA  cells  stably  overexpressing  NeuN  were  cultured  in  3D 

18  morphogenesis  assay  and  treated  on  day  8  with  DMSO  vehicle  control  or  PP2  (lOpM).  (A)  At  days  10  and 

19  12,  acini  were  fixed  and  stained  with  antibody  against  activated  caspase-3  (red).  Nuclei  were  counterstained 

20  with  DAPI  (blue).  Representative  confocal  images  for  day  12  are  shown,  and  (B)  acini  positive  for  activated 

21  caspase-3  were  counted  at  Day  10  and  Day  12  following  treatment  and  the  percent  of  the  total  acini  are 

22  plotted  (n  =  3,  mean  ±  s.d.,  >  100  acini/experiment  (**p<0.001,  ***p<0.0001  by  Students  t  test)).  (C)  Cell 

23  lysates  were  prepared  on  Day  12  and  proteins  were  analyzed  by  immunoblotting  with  indicated  antibodies. 
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1  (D)  MCF-lOA-NeuN  cells  were  infected  with  lentivirus  carrying  shRNA  constructs  against  c-Src  or 

2  scrambled  sequence  control.  Cells  were  lysed  from  cells  after  48hr  suspension  culture,  and  proteins 

3  analyzed  by  immunoblotting  with  indicated  antibodies.  (E)  MCF-lOA-NeuN  cells  infected  with  lentivirus 

4  carrying  shRNA  against  c-Src  or  scrambled  sequence  control  were  placed  in  suspension  for  48  hours.  Cells 

5  were  then  stained  with  annexin  V  and  propidium  iodide,  followed  by  FACS  analysis  (n=3).  Black  bars 

6  represent  annexin  V  stain  (early  apoptosis),  gray  bars  represent  propidium  iodide  stain  (late  apoptosis). 

7  Histograms  are  plotted  as  mean  ±  s.e.m,  *p<0.05  by  Students  t  test. 

8 

9  Fig.  7.  ErbB2  regulates  integrin  a5  expression  via  the  Mek/Erk  pathway  during  morphogenesis.  (A) 

10  MCF-lOA  ErbB2  (pBabe-NeuN)  cells  were  cultured  in  3D  morphogenesis  assay  and  treated  on  day  4  with 

1 1  DMSO  vehicle  control,  U0126  (lOpM)  or  LY294002  (50pM).  At  day  6,  acini  were  lysed  and  proteins 

12  analyzed  by  immunoblotting  with  indicated  antibodies.  (B)  MCF-lOA  stably  overexpressing  Mek2-DD, 

13  Myr-Akt  or  pBabe  control  vector  were  cultured  in  3D  morphogenesis  assays  and  lysed  at  day  4,  day  6  or 

14  day  8.  Proteins  were  analyzed  by  immunoblotting  with  indicated  antibodies. 
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Haenssen,  et.al.  Supplementary  Figure  1 
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Supplementary  Fig.  SI.  ErbB2  overexpression  in  MCF-lOA  cells  induces  increased  expression 
of  integrin  aS.  MCF-lOA  cells  infected  with  retrovirus  of  empty  vector  (pBabe),  wild-type  ErbB2 
(NeuN),  or  constitutively  active  ErbB2  (NeuT)  were  detached  from  plates  using  5  mM  EDTA,  pH 
7.4,  and  counted.  Two  million  cells  were  incubated  with  N-terminus  targeting  anti-integrin  a5 
antibody  (CD49e,  BD  Pharmingen);  or  isotype  control  Mouse  IgG,  (BD  Pharmingen)  at  a  1:100 
dilution,  washed,  and  incubated  with  secondary  antibody  (AlexaFluor  mouse  488,  Invitrogen)  at  a 
1 :200  dilution.  Cells  were  read  on  a  Guava  Technologies  EasyCyte  Plus,  and  data  analyzed  with 
Guava  Cytosoft  5.3  software. 
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Table  I.  Information  on  HER2/ErbB2  and  integrin  a5  status. 

Integrin  a5  Integrin  a5 

Negative  Positive 


Her2/ErbB2  status 

Negative 

6  6.38 

18 

19.15 

Positive 

6  6.38 

64 

68.09 

Table  1:  Information  on  integrin  a5  staining  versus  ErbB2/Her2 

status  obtained  from  tissue 

microarrays 

n  % 
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Supplementary  Fig.  S2.  Targeting  integrin  a5  with  siRNA  does  affect  growth  in  3D  or  in  2D  (A) 

At  48  hours  after  initial  transfection  with  siRNA  oligonucleotides  against  integrin  a5  or  luciferase 
control,  cells  stably  overexpressing  NeuN  were  placed  in  3D  morphogenesis  assay  at  5000  cells/well. 
The  cell  number/well  was  then  quantitated  at  day  0  (4  hours  after  seeding  cells  onto  matrigel),  day  4, 
day  8  and  day  12.  The  graph  shows  an  increase  in  cell  number  on  a  logarithmic  scale  plotted  against 
days  in  3D  culture  (n  =  4,  mean  ±  SD).  Differences  were  not  found  to  be  statistically  significant  by 
Students  t  test.  (B)  Cells  stably  overexpressing  NeuN  were  seeded  at  200,000  cells/well  onto  35mm 
tissue  culture  plates  and  monitored  for  growth  during  transfections  with  siRNA  oligonucleotides  against 
integrin  a5  or  luciferase  control.  The  cell  number/plate  was  then  quantitated  at  day  0  (at  time  of 
seeding),  day  2  (24hr  after  initial  transfection),  day  3  (48hr  after  initial  transfection),  day  4  (72hr  after 
initial  transfection).  The  graph  shows  an  increase  in  cell  number  on  a  logarithmic  scale  plotted  against 
time  in  days  (n  =  6,  mean  ±  SD).  Differences  were  not  found  to  be  statistically  significant  by  Students  t 
test. 
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Supplementary  Fig.  S3.  Targeting  integrin  aS  with  siRNA  sensitizes  MCF-10A  cells  to  anoikis  but  does 
alter  acini  formation  in  3D.  (A)  Whole  cell  lysates  prepared  from  MCF-10A  cells  that  were  either  attached  or 
cultured  in  suspension  for  24  hours  were  analyzed  by  Western  blot  using  antibodies  against  integrin  a5,  phospho- 
Sre,  Src,  Bim  and  actin.  (B-C)  At  48  hours  after  initial  transfection  with  siRNA  oligonucleotides  against  integrin  a5 
(ITGAS  siRNA#1)  or  luciferase  control,  (B)  MCF-10A  cells  were  cultured  in  suspension  for  24  hours  followed  by 
cell  lysis  and  analysis  by  Western  blot  using  the  indicated  antibodies  or  (C)  placed  in  suspension  in 
methylcellulose/media  on  poly-HEMA-coated  plates  for  24hr  and  then  analyzed  for  apoptosis  using  colorimetric 
DNA  Fragmentation  ELISA  (n=3,  mean  ±  SD,  **p<0.05  by  Students  f  test).  (D)  siRNA  transfected  MCF-10A  cells 
were  also  placed  in  3D  morphogenesis  assays  and  were  fixed  and  immunostained  at  day  10  with  antibodies  for 
anti-integrin  a5  (green)  and  integrin  a6  (red),  and  nuclei  were  counterstained  with  DAPI  (blue).  Images  were 
captured  using  light  microscope  (top  panel)  and  confocal  microscopy  (bottom  panel). 


B12 


Haenssen,  et.al.  Supplementary  Figure  4 
A.  MCF-10A:  ErbB2  (NeuN) 

shRNA:  Control  ITGaS 

0  48  0  48  hrs  susp 


B.  MCF-10A:  ErbB2  (NeuN) 


Haenssen,  et.al.  Supplementary  Figure  4 


B13 


^  MCF-10A:  ErbB2  (NeuT)  MCF-10A:  ErbB2  (NeuT) 


pLKO.l  pLKO.l  ITGA5 


Supplementary  Fig.  S4.  Targeting  integrin  a5  with  shRNA  reverses  ErbB2-mediated  anoikis  resistance,  Bim 
inhibition,  and  anchorage  independence.  (A-B)  MCF-lOA  cells  stably  overexpressing  wild-type  ErbB2  (NeuN)  were 
infected  with  lentivirus  carrying  shRNA  constructs  against  integrin  a5  or  scrambled  sequence.  (A)  Cells  were  lysed  from 
monolayer  culture  or  after  48hr  suspension  culture  on  poly-HEMA-coated  plates,  and  proteins  analyzed  by 
immunoblotting  with  antibodies  to  integrin  a5,  phospho-ErbB2  (PY-20),  ErbB2,  phospho-Src,  Src,  Bim,  activated 
caspase-3  and  actin.  (B)  Cells  from  above  were  placed  in  suspension  in  methylcellulose/media  on  poly-HEMA-coated 
plates  for  the  indicated  times  and  then  used  to  perform  a  DNA  Fragmentation  ELISA.  Values  represent  the  mean  ±  SD  of 
A405  for  at  least  three  independent  experiments  (**p<0.05  by  Students  t  test  for  comparing  48h  suspension  samples).  (C- 
D)  MCF-lOA  cells  stably  overexpressing  activated  ErbB2  (NeuT)  were  infected  with  lentivirus  carrying  shRNA 
constructs  against  integrin  a5  or  control  (scrambled)  sequence,  and  then  placed  in  soft  agar  plates  for  21  days  followed 
by  staining  with  INT  violet.  Representative  plates  were  imaged(C),  and  the  number  of  soft  agar  colonies  were  counted 
and  normalized  and  compared  to  that  of  control  shRNA  (D).  The  values  shown  represent  averages  of  normalized  values 
(n  =  3,  mean  ±  SE  (**p<0.0001  by  Students  t  test)). 


Haenssen,  et.al.  Supplementary  Figure  5 


B14 


MCF-10A:  ErbB2  (NeuT) 


siRNA:  Cent  ITGa5#1  ITGa5#2 

0  48  0  48  0  48  hrs  susp 

Integrin  a5 

pErk1/2 

Erk2 

pSrc 
{Y416) 

Sre 

ErbB2 

BimEL 
Actin 

Supplementary  Fig.  S5.  Integrin  a5  is  required  for  signaling  from  oncogenic  ErbB2.  MCF-lOA  cells  stably 
overexpressing  activatedErbB2  (NeuT)  were  transfected  with  luciferase  control  or  integrin  a5  siRNA  oligos.  At  48 
hours  after  initial  transfection  cells  were  placed  in  suspension  culture  on  poly-HEMA-coated  plates  for  indicated 
times  before  lysis.  Proteins  were  analyzed  by  immunoblotting  with  the  indicated  antibodies. 
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Supplementary  Fig.  S6.  Src  Regulation  of  ErbB2-mediated  Anoikis  Resistance.  (A)  MCF-10A  cells 
stably  overexpressing  NeuN  were  cultured  in  suspension  in  methylcellulose/media  on  poly-HEMA-coated 
plates  for  48hr  in  the  presence  of  DMSO  vehicle  control,  PP1  (10pM)  or  PP2  (10pM).  Cells  were  then 
used  to  perform  a  DNA  Fragmentation  ELISA.  Apoptosis  of  each  sample  was  normalized  and  compared 
to  control  (DMSO)  and  represented  as  fold  increase  in  DNA  fragmentation  (A405).  The  values  shown 
represent  averages  of  normalized  values  (n  =  3,  mean  ±  SE  (**p<0.05  by  Students  ftest)).  (B)  NeuN  cells 
were  cultured  in  suspension  for  48hr  on  poly-HEMA-coated  plates  in  the  presence  of  DMSO  vehicle 
control,  PP1  (10pM)  or  PP2  (10pM)  followed  by  cell  lysis.  Proteins  were  analyzed  by  immunoblotting  with 
antibodies  to  phospho-Src,  c-Src,  phospho-ErbB2  (Y877),  ErbB2,  integrin  a5,  bim,  activated  (cleaved) 
caspase-3,  and  actin. 
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